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INTRODUCTION

The biosynthetic pathway consists of an elaborate and highly
differentiated membranous network responsible for sorting
and delivering newly synthesized (glyco)proteins and lipids to
their final destinations. An equally sophisticated network of
membrane vesicles and tubules, known as the endocytic path-
way, is involved in routing internalized molecules towards re-
cycling or degradation stations. The secretory and endocytic
pathways are composed of discrete subcompartments that dif-
fer in the compositions of their membrane and luminal con-
tents. It has recently become apparent that the luminal pH is
not homogeneous but varies in a controlled and systematic
manner along each pathway and, importantly, that mainte-
nance of a defined pH profile is crucial for the normal traffic of
cargo.

The luminal pH is also a critical determinant of the function
of phagosomes, unique endocytic organelles specialized in the
elimination of invading microorganisms and in the presenta-
tion of antigens derived thereof. In the case of phagosomes, an
acidic luminal pH not only is essential for the optimal activity
of a variety of microbicidal agents but also appears to be
required to coordinate the fusion of membranes that promote
maturation, culminating in the formation of phagolysosomes.

In view of the central role of luminal pH in membrane
trafficking, serious alterations in the routing of cargo and in the
ability of phagocytes to eliminate pathogens are anticipated
when proton homeostasis is disrupted. These predictions have
been borne out by experiments using pharmacological agents
that interfere with normal pH regulation. More strikingly, bac-
teria that impair the development of phagosomal acidification
often show increased virulence. Clearly, elucidation of the ba-
sic mechanisms underlying organellar acidification and of the
means whereby it can be disrupted is key to the understanding
of the normal innate immune response and the different modes

of evasion that certain microbial species have developed. In
this review, we initially analyze the determinants of normal pH
homeostasis and then proceed to illustrate two instances where
microbial pathogenesis is associated with abnormal pH regu-
lation.

SOURCE AND REGULATION OF ORGANELLAR
ACIDIFICATION

The lumens of most organelles of the biosynthetic and en-
docytic pathways are more acidic than the surrounding cytosol.
Protons are driven into the lumen against their electrochemical
gradient by active pumps, the vacuolar ATPases (V-ATPases)
(53, 89). V-ATPases utilize the energy released from ATP
hydrolysis to translocate protons across biological membranes
(Fig. 1). Their stoichiometry is still the subject of debate and
may vary depending on the opposing proton motive force
(PMF), but most researchers believe that two or three protons
are translocated per ATP hydrolyzed, depending on the pH
gradient across the membrane (15, 37). The V-ATPase is a
large multisubunit complex that approaches a molecular mass
of 103 kDa. Grossly, the structure of V-ATPases can be divided
into the following two major functional domains: a 570-kDa
peripheral subcomplex, known as V1, that is thought to bind
and hydrolyze ATP, and an integral membrane subcomplex,
termed V0, that serves as the pore through which protons
traverse the bilayer (48, 90, 115). The rate of proton translo-
cation is obviously dictated by the density of functional pumps
in the organellar membrane, but other parameters also con-
tribute importantly. Firstly, the activity of the V-ATPases is
regulated by a variety of factors, some of which are believed to
induce dissociation of the V1 domain from the membrane-
associated holoenzyme. The regulation of the V-ATPases is
complex and not yet fully understood and is not discussed
further here, but more detailed information can be found in
previous studies (64, 69).

In addition to agents that regulate the intrinsic activity of the
V-ATPases, extrinsic factors also control the rate of pumping.
The rate of transport is proportional to the difference between
the energy provided by the hydrolysis of ATP and the opposing
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PMF. The latter consists of two components, including the
chemical potential intrinsic to the proton concentration gradi-
ent and the electrical transmembrane potential (55). An elec-
trical potential builds up during the course of pumping because

the V-ATPase is electrogenic, i.e., translocates positive charges
(protons) unaccompanied by a counterion. In the absence of
parallel, independent permeation routes for compensatory
counterions, proton pumping would rapidly generate a very
large membrane potential (lumen positive) that would arrest
further pump activity even before a measurable pH gradient
was established. Conversely, only a negligible electrical poten-
tial will build up across membranes that are freely permeable
to counterions. In this instance, the PMF would be dominated
by the chemical (concentration) gradient, and a marked lumi-
nal acidification would be observed.

Because of its electrogenic nature (115), the V-ATPase is
susceptible not only to the voltage that it generates during the
course of proton pumping but also to other sources of electri-
cal potential. In some organelles, other ion pumps and chan-
nels combine to generate voltages that hinder or facilitate the
accumulation of protons. A well-documented case is that of
early endosomes, which in some cells bear a significant number
of Na�-K� ATPases (22). Like the V-ATPases, these sodium
pumps are electrogenic, since they pump unequal numbers of
sodium (three) and potassium (two) ions (17, 92). The net
movement of positive charges into the endosome lumen, which
is topologically equivalent to the extracellular space, results in
the accretion of an inside-positive membrane potential. This
positive voltage opposes the electrogenic translocation of pro-
tons, curtailing the activity of the V-ATPase and limiting the
resulting acidification. Accordingly, it has been shown that the
addition of cardiac glycoside inhibitors of the Na�-K� ATPase
enhances endosomal acidification (5, 21, 52, 55). The Na�

accumulated in the lumen by the Na�-K� ATPase, along with
that taken up by fluid-phase endocytosis, can drive inward H�

flux, in principle, via Na�-H� exchange (20, 122). Other elec-
trogenic systems, such as the electron-transporting NADPH
oxidase of phagosomes, are also anticipated to alter the
progress of acidification in neutrophils, and seemingly also in
dendritic cells (66, 67, 103).

As stated earlier, the electrogenic contribution of the V-
ATPase is mitigated by the presence of counterion-conductive
pathways, which effectively shunt the voltage. The presence of
a sizable counterion conductance and its role in acidification of
endomembranes, both in vitro and in vivo, have been docu-
mented extensively (16, 51). In isolated endosomes, luminal
acidification was measurable only when chloride or potassium
was provided (7, 114, 132). As predicted, the counterions were
driven across the membrane by the potential generated by the
V-ATPase. This could be inferred from the concomitant accu-
mulation of luminal chloride, which was inhibited by the V-
ATPase inhibitor bafilomycin A (114). The molecular identity
of the chloride (counterion) conductance pathway has not
been established definitively and is likely to vary among or-
ganelles. Genetic experiments indicated that ablation of the
chloride channel isoform ClC-3, ClC-4, or ClC-5 altered the
rate or extent of endosomal acidification (58, 59, 68, 86). More
recently, the cystic fibrosis transmembrane conductance regu-
lator, a different type of Cl� channel, was implicated in lyso-
somal acidification (42). A more detailed discussion of chloride
transporters and their role in the endocytic pathway is avail-
able in a recent review (68). Finally, the role of cations as
carriers of charge that could neutralize the movement of pro-
tons has largely been ignored but is deserving of consideration.

FIG. 1. Regulation of organellar acidification. (A) Endocytic vesicles
quickly acquire V-ATPases through fusion with early endosomes. V-
ATPases use the energy of ATP hydrolysis to accumulate protons in the
lumen. The concomitant translocation of counterions, e.g., Cl�, via con-
ductive pathways curtails the buildup of a transmembrane electrical po-
tential and allows the luminal accumulation of protons. Proton (equiva-
lent) leakage pathways limit the extent of acidification, while intracellular
buffers (B) dictate the rate of acidification. When present, Na�/K�-
ATPases can contribute to the electrical potential across the endosomal
membrane, tending to reduce the rate of proton pumping. Na� accumu-
lated in the lumen by the Na�/K�-ATPases could in turn drive Na�/H�

exchange, promoting acidification. (B) Schematic representation of the
pHs of the main compartments of the secretory (left) and endocytic
(right) pathways. The cytosolic pH is also shown, for comparison.
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In theory, a change in pH equivalent to the free energy of
hydrolysis of ATP can be attained across membranes with very
large counterion permeability if the pumped protons remain in
the luminal space. In practice, however, back-flux of protons
occurs across passive “leakage” pathways. The existence of
such leaks is readily apparent when V-ATPase inhibitors, such
as bafilomycin or concanamycin, are added to organelles that
have reached a steady level of acidification. The inhibitors
unmask a progressive dissipation of the luminal acidification,
whose rate varies among organelles (40, 70, 72). While the loss
of the pH gradient is obvious, much less is known about the
molecular entities responsible for the leak of proton equiva-
lents. In the Golgi apparatus, the passive back-flux was found
to be voltage sensitive and inhibitable by Zn2� (105), resem-
bling the behavior of a proton conductance detected in the
plasmalemma of several cell types by electrophysiological
means (24). Other pathways that may contribute to the leakage
of proton equivalents include cation-proton exchangers, possi-
bly of the Na�-H� exchange superfamily; anion exchangers
that may promote the uptake of hydroxyl or bicarbonate ions;
and transporters that may utilize the proton gradient to ex-
trude or accumulate organic osmolytes.

As a result of this ongoing back-flux, the V-ATPase never
reaches thermodynamic equilibrium and the system instead
reaches a steady state at the point where the rate of proton
pumping is matched by the leakage of proton equivalents. The
balance between pumping and leakage will ultimately dictate
the pH observed in each organelle at steady state. Systematic
analyses have revealed that proton leak permeability decreases
progressively along the secretory pathway, being highest in the
endoplasmic reticulum, intermediate in the Golgi cisternae
and the trans-Golgi network, and lowest in secretory granules
(131). Remarkably, the decreasing leakiness is paralleled by an
increase in V-ATPase density and, consequently, in pumping
activity. The combined effects of more pumping and less leak-
age render the most distal parts of the secretory pathways very
acidic, while the endoplasmic reticulum is essentially neutral,
having a high level of leakage and negligible pumping (131). A
similar gradation in the balance between pumps and leaks is
thought to determine the progressive acidification of the sub-
compartments of the endocytic pathway, with early endocytic
vesicles being slightly acidic (pH, �6.4) and lysosomes being
profoundly acidic (pH 4 to 5).

ROLE OF ACIDIFICATION IN MEMBRANE
TRAFFICKING

Perturbation of the existing organellar acidification has been
the preferred strategy for analyzing the role of the pH gradient
in cellular function (130). A variety of pharmacological agents
have been employed to dissipate the preexisting gradient or to
prevent its formation. These can be grouped broadly into the
following three categories: (i) inhibitors of the V-ATPase, such
as the bafilomycins and the concanamycins, which rapidly and
irreversibly inhibit pumping by attaching to the V0 domain (18,
19, 128, 130); (ii) weak bases, which permeate the plasma and
organellar membranes in the uncharged, unprotonated form
and scavenge luminal protons, elevating the intraorganellar pH
(39); and (iii) ionophores that can facilitate the movement of
protons down the electrochemical gradient (96, 101, 119).

Some of the most frequently used ionophores, such as mo-
nensin and nigericin, are in fact electroneutral exchangers of
protons for alkali cations that respond to the combined chem-
ical gradients of all the substrate ions. The three classes of
agents used to alter pH differ in their modes of action, and
therefore their efficacies, reversibility, and specificities are not
identical. Notably, all of these agents affect the cell globally,
i.e., they perturb the pH of all acidic organelles and, in some
cases, even that of other compartments, such as the cytosol.
Therefore, nonspecific side effects can be anticipated, which
can significantly complicate the interpretation of the data col-
lected. Nonetheless, much has been learned about the role of
pH on membrane trafficking by using pump inhibitors, weak
bases, and ionophores. A brief overview of this information is
presented below.

Early evidence for a role for organellar acidification in mem-
brane targeting and function was obtained by monitoring the
fate of receptor-ligand complexes in the endocytic pathway.

In a simplified scenario, ligand binding occurs at the plasma
membrane, triggering receptor-ligand internalization. The re-
sultant complex is destined for early endosomes, where com-
plex dissociation can, in some cases, be induced by the mildly
acidic (pH, �6.4) microenvironment of the lumen (Fig. 1B). In
the cases where pH-induced dissociation occurs, ligands and
receptors traffic independently henceforth. Typically, ligands
are targeted to progressively more acidic compartments, des-
tined for eventual lysosomal degradation. Receptors, on the
other hand, are shuttled to specialized endosomal structures
for temporary intracellular storage and/or recycling to the
plasma membrane (87). The low-density lipoprotein and asialo-
glycoprotein receptors, which have been studied extensively,
conform to this paradigm. Agents that disrupt endosome pH
gradients impair ligand dissociation from the low-density li-
poprotein receptor (38) and prevent recycling to the plasma
membrane, which redistributes the receptors to intracellular
pools (12, 56). Interactions between asialoglycoprotein recep-
tors and their ligand, asialo-orosomucoid, are similarly affected
by treatment with lysosomotropic (alkalinizing) compounds
(100, 108, 109, 137). The equally well-studied transferrin re-
ceptor follows a somewhat different pattern. Not only is the
binding of the ligand, transferrin, to the receptor dependent on
pH, but so is the association of iron with the apoprotein (133).
Endosomal acidification promotes the release of iron from the
apotransferrin-receptor complex, but the protein ligand re-
mains associated with the receptor. Reexposure to neutral pH
upon recycling of the apotransferrin-receptor complex to the
surface results in release of the apoprotein (36).

In addition to modulating the association between receptors
and their ligands, however, the pH gradient directly controls
the traffic of membranes in both the endocytic and secretory
pathways. Inhibition of V-ATPase activity impairs the normal
routing of membranes and cargo along the endocytic pathway.
In HeLa cells, bafilomycin prevented the delivery of human
rhinovirus serotype 2 virus particles and of fluid-phase markers
to late endosomes (13). Similarly, cationized gold particles,
which are normally internalized and directed to lysosomes,
failed to do so when the organellar acidification was dissipated
(121). A complete and systematic summary of the effects of
agents that disrupt pH homeostasis on the endocytic pathway
can be found elsewhere (130).
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While the essential role of intraorganellar acidification in
controlling traffic can be demonstrated readily and is widely
accepted, the underlying mechanism(s) is not entirely clear.
Useful clues can be derived from the morphological conse-
quences of pH alteration. Extensive tubulation and vesicle
enlargement are usually seen (30, 35), suggesting elevated
rates of fusion or, more likely, impaired fission. In accordance
with the latter hypothesis, early carrier vesicle budding and
fission from purified early endosomes were impaired when the
V-ATPase was inhibited (13).

The lumens of endocytic and secretory organelles contain a
plethora of soluble enzymes, many of which display pH optima
tailored to match the prevailing physiological pH. While these
enzymes are predicted to function suboptimally when the V-
ATPase is impaired, it is difficult to conceive how soluble
luminal components may direct membrane fusion and fission
events. Instead, membrane-associated molecules are likely to
sense the pH, and some of these may be transmembrane pro-
teins capable of relaying the signal inherent to the luminal pH
to the cytosolic face of the membrane, where budding and
fusion are enacted. Indeed, recent advances have uncovered
the participation of molecules that associate with the cytosolic
face of endomembranes in a (luminal) pH-dependent manner.
The association of coatomer proteins (COPs), namely, �- and
ε-COP, is necessary for the formation of intermediate trans-
port vesicles believed to deliver cargo from early to late endo-
somes (6). Coincidentally, both the recruitment of COPs and
the subsequent vesicle formation are disrupted when the pH
gradient of endosomes is dissipated (6). An inability to form
carrier vesicles because of insufficient COP recruitment, a con-
sequence of pH neutralization, may explain not only the ob-
served tubulation of early endosomes (30, 35) but, more im-
portantly, the block in delivery of material from early to late
endosomes.

The membrane association of COPs is regulated by small
GTPases of the ARF family. As early as 1992, Zeuzem et al.
(135) observed that the association of ARF1 with microsomes
requires luminal acidification. Maranda and colleagues (79)
made similar observations for ARF6 in epithelial cells. More-
over, they realized that the effect was likely mediated by
ARNO, the nucleotide exchange factor that activates ARF6.
Most interestingly, the same group (63) more recently pro-
posed that the V-ATPase may be engaged directly in binding
ARNO and ARF6. The pump may need to be in an active
configuration to associate with ARNO/ARF6 and/or may itself
sense the transmembrane pH gradient.

Whether ARF- and COP-dependent fission is the sole or
even the primary target of the luminal pH remains to be de-
termined. Other sites of action are likely to exist, inasmuch as
disruption of traffic also occurs at stages where COPs are not
thought to participate.

ROLE OF ACIDIFICATION IN PHAGOCYTOSIS

Phagocytosis is of paramount importance in the control of
invading microorganisms by the innate immune system. The
process involves the engulfment of foreign particles into an
intracellular vacuole or phagosome, where microbicidal effec-
tors are deployed by a process known as maturation. Matura-
tion involves the gradual remodeling of the phagosomal mem-

brane and contents through a finely coordinated sequence of
fusion events with vesicular components of the endocytic and
possibly also secretory pathways (14, 41, 81, 95). Despite mul-
tiple rounds of fusion, the surface area of the phagosome
remains approximately constant (10, 57, 61) by virtue of con-
comitant fission events that contribute to remodeling.

One component of the microbicidal response is the acidifi-
cation of the phagosomal lumen, which is brought about by
V-ATPases delivered via fusion with membranes of the endo-
cytic pathway (Fig. 2). As in the case of lysosomes, acidification
of the phagosomal lumen favors the lytic activity of a variety of
degradative enzymes and also promotes the generation of hy-
drogen peroxide. In addition, as found for the endocytic and
secretory systems, there is mounting evidence suggesting that
acidification is not only a consequence but also a determinant
of phagosomal maturation. Dissipation of the pH gradients
inhibits phagolysosome fusion (54) while promoting phago-
some-endosome fusion (54, 60). Others have replicated these
observations, but a very recent report found that fusion of
phagosomes and lysosomes persisted when lysosomal acidifi-
cation was (partially) impaired. Specifically, Nelson and col-
leagues (42) found that in alveolar macrophages from cftr�/�

mice, the lysosomal pH was abnormally high due to limited
counterion permeability of the membrane. Despite the ele-
vated pH, the fusion of lysosomes with phagosomes proceeded
normally. Thus, the control of phagolysosome formation by
luminal acidification may not be identical in all cells.

MICROORGANISMS, PHAGOSOMES, AND pH

Certain pathogens evade the microbicidal response mounted
by phagocytes and can therefore survive as intracellular patho-
gens. Bacteria have evolved the following general strategies to
avoid being killed by phagosomes: (i) arrest of phagosomal
maturation at an early, nonmicrobicidal stage (Fig. 2B); (ii)
development of resistance to the microbicidal arsenal of
phagolysosomes (Fig. 2C); (iii) escape from the phagosome
into the cytosol (Fig. 2D); and (iv) redirection of phagosomal
maturation, with fusion to other organelles devoid of microbi-
cidal components (Fig. 2E). Interference with the pH of the
host phagosome is a possible means of arresting or redirecting
maturation. In keeping with the central theme of this review,
we restrict the following discussion to two exemplary cases
where maturation is impaired and pH changes have been im-
plicated. Specifically, we highlight the interactions of Mycobac-
terium tuberculosis and Helicobacter pylori with host cells.

Mycobacterium tuberculosis

M. tuberculosis is a facultative pathogen that exhibits a strong
propensity to infect human macrophages. Mycobacteria do not
avoid engulfment but are instead recognized by phagocytic
receptors and internalized readily. Upon entering the host
phagocyte, the bacilli stow themselves away in a safe intracel-
lular niche where they can survive and even replicate. Their
ability to subsist within macrophages is attributed to the strik-
ing ability of the mycobacteria to arrest phagosome maturation
at an early stage, thereby avoiding the delivery of microbicidal
effectors found in mature phagolysosomes. M. tuberculosis-

VOL. 71, 2007 REGULATION OF VACUOLAR pH AND INFECTION 455



containing phagosomes are characterized by minimal acidifi-
cation and the notable absence of lysosomal hydrolases.

Several phagocytic receptors have been implicated in the
uptake of tubercle bacilli, which can seemingly be internalized
with or without opsonization. Receptors reported to mediate
mycobacterial uptake include Fc� (8), mannose (9, 106), fi-
bronectin (91, 99), and scavenger receptors (138). However,
members of the complement receptor family, i.e., CR1, CR3,
and CR4, have most commonly been observed to facilitate
mycobacterial uptake (45, 106, 107). Notably, the mode of
entry appears to predetermine the intracellular fate of this
pathogen. The more frequently observed internalization via
complement or scavenger receptors leads to incomplete mat-
uration and bacterial survival, whereas bacilli opsonized by
immunoglobulin G and internalized via Fc� receptors are ef-
ficiently destroyed (8).

As described above, phagosome maturation entails progres-
sive fusion with organelles of the endocytic pathway. For this
reason, the precise stage of maturation can be established by
analyzing the presence or absence of specific markers, charac-
teristic of individual organelles, on the membrane or among
the contents of phagosomes. Nascent phagosomes containing
inert latex beads or nonpathogenic bacteria promptly acquire
Rab5 and EEA1 and accumulate phosphatidylinositol 3-phos-
phate [PI(3)P] (111, 127). These markers are lost subsequently,
as the phagosome acquires Rab7 and LAMP proteins (111,
127). Phagosomes containing virulent mycobacteria acquire
and retain Rab5, but the late endosomal markers Rab7 and
LAMP are notably absent, implying maturation arrest (125).
These observations, however, are not universally replicated. In

some systems, M. tuberculosis-containing vacuoles were re-
ported to contain Rab7 (32, 33) yet were consistently LAMP-1
deficient. Conversely, LAMP-1 but not the V-ATPase was
found in mycobacterial phagosomes by others (118). The spe-
cific paucity of V-ATPases invariably alters the pH of the
phagosomal lumen and could potentially serve as a determi-
nant of the extent of maturation. It appears that while there is
agreement that maturation is arrested, the precise stage and
mode of arrest are still debated.

The finding that Rab5 persists on mycobacterial phagosomes
stimulated further characterization of the vacuole. These stud-
ies revealed that most other early endosomal markers, includ-
ing transferrin and its receptor, Vps34 [and its product, PI(3)P,
by inference], were also present but that EEA1 was excluded
(49). The absence of EEA1 is peculiar in that its association
with early endosomes is anchored in part by Rab5 and PI(3)P
(113), both of which were found on mycobacterial phagosomes
(29, 49). Furthermore, after binding to its receptors, extracel-
lular transferrin can reach mycobacterial phagosomes (31,
117), implying that early endosome-phagosome interactions
are curiously unperturbed. It is unclear how these interactions
are directed when EEA1, a tethering molecule required to
bridge early endosomes prior to fusion (28), is absent.

Fratti et al. (49, 50) attributed the lack of EEA1 to a man-
nose-capped lipoarabinomannan (ManLAM) that is released
from the bacterial wall and was purported to mimic PI(3)P
and/or alter its production, potentially altering binding of phys-
iological effectors such as EEA1. It seems unlikely that
ManLAM can efficiently act as a PI(3)P mimetic. Although the
two lipids share a similar inositol ring, the one in ManLAM is

FIG. 2. Phagosome maturation and mechanisms of evasion. (A) Phagocytosis of nonpathogenic particles follows a pathway that resembles
endosomal progression, characterized by progressive acidification of the lumen to a pH of �5 and delivery of lytic enzymes and other microbicidal
factors that kill and degrade the contents. (B to E) Some pathogenic bacteria have evolved mechanisms to evade killing. These strategies include
inhibition of phagosome maturation and acidification (B); development of resistance to the acidic and lytic environment of phagolysosomes (C);
rupture of the phagosome, enabling the pathogens to gain access to the cytoplasm (D); and redirection of phagosomal maturation, with fusion to
other, nonmicrobicidal compartments, such as the endoplasmic reticulum or Golgi complex (E).
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in all likelihood sterically hindered by the surrounding man-
nose moieties. Additionally, it is unclear how ManLAM, which
is released into the phagosomal lumen, could flip or otherwise
traverse the phagosomal bilayer to insert itself in its cytosolic
aspect, where recruitment of EEA1 takes place.

An alternative, possibly complementary explanation was re-
cently proposed by the same group. This more recent mecha-
nism involves a secreted bacterial phosphatase called SapM,
which was proposed to actively degrade PI(3)P on the phago-
somal membrane (124). Elimination of the phosphoinositide
would explain the reduced recruitment of EEA1 and may well
account for the phagosomal maturation arrest. How SapM
exerts action on the cytoplasmic face from the phagosomal
lumen remains undefined.

Mycobacteria were also reported to utilize coronin-1 (also
referred to as TACO), a host actin-binding protein involved in
phagocytosis (134), to evade phagosome maturation and kill-
ing. Coronin-1 is normally recruited to the phagocytic cup but
resides there only transiently, detaching upon membrane clo-
sure. Pathogenic mycobacteria, however, actively promote the
retention of coronin-1 around the vacuole membrane, which is
believed to interfere with the apposition of lysosomes, imped-
ing their fusion and ultimately enabling the infection to persist
(47).

Recently, genetic screens of transposon-mutagenized myco-
bacteria were designed to identify novel genes that may inter-
fere with vacuolar maturation. The two groups that imple-
mented such screens jointly identified about 10 different
mutations in genes believed to control phagosome acidification
(93, 116). Characterization of the genes involved is still at an
early stage, but the initial information indicates that they range
from unique unidentified proteins without known homologues
(and therefore unpredictable functions) to transporters and
lipid-modifying enzymes. More precise mechanistic informa-
tion on the manner in which these proteins modulate phago-
some maturation should be forthcoming in the near future.

Calcium is thought to play a role in phagosome maturation,
particularly in phagosome-lysosome fusion (65, 73, 88), and
has also been invoked as a factor contributing to the abnormal
maturation of mycobacterial phagosomes (77). Maturation is
felt to depend on changes in the cytosolic calcium concentra-
tion, possibly by recruitment of cytosolic calmodulin to the
phagosome membrane and subsequent focal activation of cal-
modulin-stimulated kinase II. Kusner and his group recently
reported that much of this calcium is liberated by sphingosine
kinase and that activation of this enzyme is defective when
mycobacteria are the phagocytic prey (78). Interference with
normal calcium signaling may be caused by ManLAM, which
sufficed to block the calcium concentration increase when
added to macrophages (123).

The ability of mycobacteria to subvert phagosome matura-
tion is not absolute and depends on the activation state of the
infected macrophages. Priming of macrophages with certain
cytokines, in particular gamma interferon (IFN-�), protects
them from mycobacteria, promoting phagosomal acidification
and subsequent bacterial killing (62, 104, 126). IFN-� is be-
lieved to induce the expression of the antimicrobial enzyme
nitric oxide synthase 2 (75), which restricts bacterial growth by
generating nitric oxide (23, 44). The protective effects of IFN-�
also include the expression of LRG-47, a GTPase that is re-

cruited to phagosomes and favors their maturation in a poorly
understood manner. Accordingly, the ability to sustain phago-
some acidification and bacterial killing is lost in LRG-47�/�

macrophages, even when the cells are primed with IFN-� (76).
The pH of mycobacterial phagosomes is less acidic than that

of phagosomes containing nonpathogenic bacteria (118),
which attain the phagolysosomal stage and therefore a mark-
edly acidic pH akin to that of lysosomes. Is the altered pH a
consequence or cause of incomplete maturation? This di-
lemma was first posed by the classical experiments of Gordon
et al. (54) and remains unsolved. It is simplest to assume that
maturation arrest precludes the acquisition of a sufficient den-
sity of V-ATPases and remodeling of the membrane in order
to minimize proton leakage and that the failure to acidify is
hence a consequence of the block in membrane trafficking.
However, the possibility remains that bacterial products con-
tribute directly to dissipation of the pH gradient and thereby
impair fusion with late endosomes and lysosomes.

Helicobacter pylori

H. pylori infection often occurs in early childhood and, with-
out proper treatment, can persist even years after initial expo-
sure. Chronic infection can predispose the individual to the
later onset of gastritis, peptic ulcer disease, and some forms of
gastric cancer. H. pylori is transmitted by the oral-fecal route
and, following ingestion, encounters the extremely low pH of
the lumen of the stomach. Remarkably, this organism has
evolved adaptive strategies to resist the high acid content,
managing not only to survive but even to colonize the gastric
lining. These adaptations allow H. pylori to maintain a neutral
cytoplasmic pH and the negative membrane potential required
for growth while facing extreme acidic conditions.

Acid tolerance and survival are conferred to the bacterium
largely by the expression of urease (43), which constitutes as
much as 15% of the total protein of H. pylori (102). The
enzyme catalyzes the breakdown of urea into NH3 and CO2

(84, 85), which provide both acid-neutralizing and acid-buffer-
ing capacities (Fig. 3). Early experiments suggested that urease
released upon autolysis of some organisms subsequently bound
to the surfaces of neighboring bacteria, generating a protective
neutralizing cloud around them (94). Subsequent experiments
showed that urease activity in intact bacteria increased as they
were cultured in media at progressively lower pHs, without
changes to the bacterial cytoplasmic pH, suggesting that urease
is a cytoplasmic enzyme. In this event, intracellular catalysis
would require entry of the substrate into the cells. Accordingly,
Weeks et al. (129) identified a transporter encoded by the ureI
gene capable of delivering urea to the cytoplasm, where urease
enables neutralization and buffering capacities (112). It is now
apparent that the activities of the transporter and enzyme are
coupled not only functionally but physically as well.

The acidic milieu also promotes the expression of an array of
bacterial proteins, including arginase and carbonic anhydrase,
which together contribute to cytoplasmic and periplasmic pH
regulation. Arginase utilizes arginine to produce L-ornithine
and urea, thereby contributing to the amount of substrate
available to urease (83). Carbonic anhydrase recycles CO2

produced from urease to generate carbonic acid, which in turn
dissociates into HCO3

�, a periplasmic buffer. Together, NH3
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and CO2 (HCO3
�), produced by urease in conjunction with its

ancillary enzymes, participate in acid acclimation by H. pylori;
NH3 sequesters incoming protons and HCO3

� buffers the cy-
toplasm and periplasm (Fig. 3). It must be borne in mind,
however, that the generation of HCO3

� from CO2 entails the
liberation of H�, so extra buffering power is created at the
expense of lowering the pH.

The acidic lumen of the stomach represents only the first
obstacle to successful colonization; bacteria must also bypass
both the adaptive and innate immune responses of the host.
Subversion of the adaptive immune response has been re-
viewed recently (11), and therefore this section focuses only on
the methods employed to circumvent phagocytic killing.

Although H. pylori can withstand the extreme conditions that
prevail in the lumen of the stomach and are most prevalent in
this niche, it will occasionally cross the epithelial barrier. The
ability of H. pylori to enter and traverse the gastric epithelium
depends on the vacuolating cytotoxin VacA (34). Having tra-
versed the epithelial layer, bacteria must face the rapid on-
slaught of both macrophages and neutrophils in the basement
membrane (1). To counteract the immune effector cells, H.

pylori employs antiphagocytic mechanisms; the initial binding
to phagocytes does not trigger immediate phagocytosis, as is
generally the case, but a delay of variable length ensues (4).
Inhibition of uptake was found to be dependent on the bacte-
rial cag pathogenicity island (97). Specifically, the lag requires
the virB7 and virB11 genes, which encode components of the
type IV secretion system (98). Even without ingesting them,
neutrophils can, in principle, respond to adherent bacteria by
generating reactive oxygen intermediates, products of the
NADPH oxidase. To neutralize the neutrophil respiratory
burst, H. pylori can secrete enzymes such as superoxide dis-
mutase and catalase to scavenge superoxide anions and hydro-
gen peroxide and prevent the formation of other oxidative
species (82).

Despite the lag imposed by the effector delivered by the type
IV secretion system, bacteria bound to phagocytes via one or
more adhesins (25–27, 120) are nevertheless internalized and
found in phagosomes (46, 71, 139). Remarkably, fewer than
half of the internalized population of unopsonized H. pylori
cells are destroyed (1). Killing is greatly enhanced when bac-
teria are opsonized with immunoglobulin G (3), implying that

FIG. 3. Mechanisms of survival and evasion in Helicobacter pylori. (A) Urea, which is present in the stomach, is transported through UreI into
the bacterial cytoplasm, where urease converts it into NH3 and CO2. NH3 quickly diffuses into the periplasm, where it prevents the accumulation
of protons by generating NH4

�, thereby regulating the periplasmic pH. (B) H. pylori also secretes a cytotoxin called VacA that oligomerizes to form
a Cl� channel. When inserted into the phagosomal membrane, VacA contributes to the permeation of counterions that serve to collapse the
electrical potential generated by the V-ATPase. Dissipation of the electrical potential promotes proton accumulation. Formation of NH3 by the
bacterial urease serves to sequester incoming protons by forming NH4

�. Together with Cl�, the accumulated NH4
� acts to increase the osmotic

content of the phagosomal lumen. This, in turn, drives the influx of osmotically obliged water, causing swelling of phagosomes into megasomes.
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like the case for mycobacteria, the receptor used for entry
dictates the fate of the ingested microorganisms.

Once internalized, viable bacteria accumulate in unusually
large phagosomes termed megasomes, which are seemingly the
result of homotypic phagosome fusion. These organelles are
rich in EEA1 but do not contain LAMP-1 and, importantly, fail
to acidify in the way that phagosomes containing inanimate
particles or nonpathogenic bacteria eventually do. Accumula-
tion of EEA1 is accompanied by retention of coronin-1, which
normally dissociates from nascent phagosomes immediately
after they are sealed. As postulated for mycobacteria, the re-
tention of coronin-1 was proposed to prevent phagosome-
lysosome fusion, thereby inhibiting phagosome maturation
with H. pylori (136).

Megasome formation is directly correlated with bacterial
survival and, importantly, was found to be dependent on ure-
ase expression (110). Mutants lacking both urease subunits are
destroyed in single, smaller phagosomes that acidify and re-
cruit LAMP-1. Thus, urease is not only essential for H. pylori
survival and growth in the acidic gastric milieu but also critical
for its intracellular survival (110). The function of urease
within the phagosome is likely analogous to its role in the
stomach, i.e., to generate ammonium from urea (Fig. 3B). It is
not clear whether ammonium functions in conjunction with
VacA to produce megasomes by neutralizing the luminal acid-
ity and/or by providing an osmolyte that accumulates and pro-
motes osmotic swelling. A model proposed recently posits that
VacA functions as a counterion (chloride) channel that facil-
itates the activity of the V-ATPase (34). In the absence of
urease, the proton pump would build up a pH gradient that
would, in turn, reduce pumping activity and increase the leak,
eventually attaining a steady state, as detailed above. However,
if both urease and urea are present, ammonia can form and
become protonated and trapped in the phagosome (Fig. 3B).
This has two immediate consequences, as follows: (i) the con-
sumption of protons neutralizes the luminal acidification, re-
activating the V-ATPase; and (ii) ammonium accumulates,
forcing the uptake of osmotically obliged water and inducing
swelling of phagosomes to megasomes.

One aspect that has not been addressed sufficiently is the
possibility that by impairing acidification, urease/urea directly
precludes the transition from early to late phagosomes, in a
manner akin to that revealed by Gordon et al. (54). This
possibility has not attracted the attention it deserves, in all
likelihood because the molecular mechanism underlying the
effects of luminal acidification remains obscure. As discussed
earlier, while ARF- and COP-dependent processes are af-
fected by pH, other processes are most likely also involved.
These are currently unknown but may include the induction of
multivesicular structures, as shown recently in vitro for pure
lipid systems containing lysobisphosphatidic acid (80). Alter-
natively, a luminal pH may be required for accumulation of
calcium, which may itself be required for fusion of phagosomes
and lysosomes. In Saccharomyces cerevisiae, localized release
of luminal calcium is necessary for fusion of the vacuoles,
which are equivalent to mammalian lysosomes (74). Certainly,
the resistance strategies used to evade the innate immune
response are multifaceted and include manipulation of the
phagocyte NADPH oxidase, neutrophil activation, and inflam-

mation responses, which without a doubt complement each
other to ensure survival within a hostile environment (2).

CLOSING REMARKS

Classically, acidification was believed to be a consequence of
endosome progression and phagosome maturation. However,
the data reviewed here support the emerging concept that both
the phagosomal and endosomal pHs can dictate vesicular fis-
sion and/or fusion and thereby control the rate and extent of
maturation. Remarkably, these effects of luminal acidification
occur at least in part by directing the recruitment or activation
of effectors on the cytosolic face of the membranes involved,
implying the existence of membrane-spanning transducers that
convey the information across the bilayer. Indeed, the
V-ATPase itself has recently been implicated as a pH sensor
(63) and may serve to translate luminal acidification in the
lumen into a signaling cascade in the cytoplasmic aspect of the
vacuolar membrane.

In view of the intimate relationship between membrane traf-
fic and luminal acidity, it is not surprising that pathogenic
bacteria that evade killing by phagosomes have been linked to
alterations in pH homeostasis. As illustrated by the species
exemplified here, M. tuberculosis and H. pylori, the distinction
between cause and effect is not always made easily. In the case
of H. pylori, pathogenesis appears to require effectors, such as
urease, that modulate the pH. But even in this case, it is not
entirely clear whether the main target is the pH of the bacte-
rium itself or that of the host compartments where the bacte-
rium resides. For M. tuberculosis, it is simplest to assume that
normal phagosomal acidification fails to develop because the
bacterium interferes with maturation. However, this simplistic
hypothesis will only be confirmed when the mycobacterial ef-
fectors that arrest maturation are identified and their mode of
action elucidated. The possibility remains that molecules such
as ESAT-6 and CFP-10, which are thought to be required for
mycobacterial virulence, may act primarily by interference with
phagosomal pH homeostasis.
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